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Introduction
Since its first application in engineering composites [1] , structural health monitoring (SHM) based on real-time resistivity measurements has evolved rapidly during the last few years, ranging from various conductive polymer composites (CPCs) to nano-engineered carbon or glass fibre reinforced composites [2] [3] [4] [5] . Conductive networks based on carbon nanotubes (CNTs) or graphene have been employed to detect various failure modes particularly in electrically insulating composites. For instance, Chou et al. [6, 7] successfully demonstrated the possibility to identify ply delamination, transverse microcracking and fibre breakage in glass fibre reinforced epoxy laminates under both tensile and flexural conditions by resistivity measurements with CNTs dispersed in the epoxy matrix.
By this top-down method, a resistivity change has been successfully correlated to deformation of the entire percolated CNT network throughout the bulk matrix whereas damage at the fibre-matrix interfacial region associated with stress transfer has been disregarded [8] . Moreover, nanofiller loading needs to be carefully controlled to avoid excessive resin viscosity increase and nanoparticle filtration effects during the composite manufacturing process [9] .
Self-sensing smart yarns were developed as a bottom-up method to address some of the aforementioned issues by locally modifying the surface of non-conductive fibres with CNTs or graphene for interfacial strain and damage sensing [10] [11] [12] . Mäder et al. [8, 12] first reported an approach based on the incorporation of CNT-filled sizing on glass fibre (GF) surfaces via a solution-based process and demonstrated its potential usage as M A N U S C R I P T
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3 interfacial sensors upon both static and dynamic tensile loading. Bilotti et al. [13] fabricated a highly conductive thermoplastic polyurethane/carbon nanotube (TPU/CNT) fibre via a continuous extrusion process with good strain sensing ability. Furthermore, they demonstrated the possibility to obtain self-sensing yarns by coating a commercially available Spandex yarn with a TPU/CNT conductive polymer composite coating [10, 14] .
Other techniques used to develop CNT-coated smart textile materials include electrophoretic deposition (EPD) [15, 16] , chemical vapour deposition (CVD) [17, 18] , electrospray [19] and spray coating [20, 21] . For instance, hierarchical CNT-GF with preferred CNT alignment was achieved by CVD and employed for in-situ SHM of glass fibre reinforced composites during flexural testing [11] . A novel EPD process was developed for coating CNTs onto glass fibre surfaces and these functional interphases were exploited for damage detection [15] . The effectiveness of CNT deposition onto carbon fibre prepregs by a simple spray coating technique was also reported with a good correlation between crack propagation and electrical resistivity signals during in-situ damage sensing tests [20] .
However, most of above-mentioned research works on SHM have focused on fibre reinforced plastics (FRPs) while no study has been conducted on real-time damage detection of cord-rubber composites. One of the difficulties in developing health monitoring systems based on CNTs for cord-rubber composites is in achieving an even spatial distribution of CNTs throughout the highly viscous rubber matrix and the complexity of depositing CNTs onto the cord surface using the techniques mentioned previously. The latter is particularly complicated by the presence of an elastomeric adhesive coating on commercially available cords. Different types of cords are used in reinforced rubber products such as glass, aramid, nylon and polyester. These cords are often M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 4 treated with bespoke coatings to enhance the adhesion with rubber matrix. Adhesion can be improved by varying the resorcinol formaldehyde latex (RFL) impregnation system, or by adding an external adhesive coating which is often based on chlorosulphonated polyethylene (CSM) [22] [23] [24] . The wide applications for cord-rubber composites [22, [25] [26] [27] in critical engineering such as aircraft, subsea seals, naval transportation and automotive components have resulted in an interest in developing real-time health monitoring systems during usage to maintain structural safety and avoid catastrophic failure.
Recently, Coleman et al. [28] pioneered an interesting novel approach to incorporate graphene into rubber bands by a simple swelling process, opening up a new route to introduce nanofillers into rubber materials without complex manufacturing procedures.
Inspired by the work of Coleman et al. [28] [29] [30] and taking advantage of the presence of the elastomeric coating on reinforcing cords for rubber products, in the present work, CNTs were introduced into this coating via a simple swelling and infusion method. This resulted in CNT infused glass cords with self-sensing properties that can be utilised as interfacial strain and damage sensors for cord-rubber composites. The electrical conductivity and surface morphologies of these CNT infused glass cords swollen in different CNT dispersions have been investigated. These CNT infused glass cords exhibited good strain sensing abilities and reproducibility. For the first time, in-situ health monitoring of cordrubber composites has been demonstrated, unveiling insightful interfacial health conditions such as local interface failure under both static and cyclic tensile loading. Further investigations involved single cord pull-out tests while fractographic analysis revealed no detrimental effects of the presence of the CNTs on cord-rubber adhesion. The proposed methodology is an easy and efficient process to produce smart reinforcing cords with tailored sensing functionalities, which is also compatible with current cord manufacturing M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 procedures for potential industrial scale-up. These smart cords can be used for a multitude of SHM systems of cord reinforced rubber products.
Experimental

Materials
The multiwall carbon nanotubes (MWCNTs) (NC7000) used in this study were supplied by Nanocyl S.A. (Belgium). The E-glass cords with an average diameter of 1. 
Sample preparation
Preparation of CNT infused glass cords
The various CNT dispersions were made by dispersing MWCNTs in three different solvents (NMP, DMF, acetone) at a concentration of 50 mg/100 ml using an ultrasonic processor (Sonics VCX500) for 20 min with a pulse of 2 s on and 2 s off at 25 % amplitude.
Afterwards, the as-received glass cords with lengths of ~80 mm were soaked into the various CNT dispersions using an ultrasonic bath (PS-60A, 360W) for 0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h and 6 h, respectively. After this swelling and infusion step, the CNT infused glass cords were washed in ethanol without sonication for 20 s, followed by sonication in ethanol for 20 s and a final ethanol wash for 20 s to remove any CNTs that are attached loosely to the surface of the glass cords as well as residual solvent. All sonication processes were performed with ice-bath to avoid temperature build-up. The infused glass cords were then dried in an oven at 60 °C for 20 h. As-received glass cord and CNT-infused glass cord are illustrated in Figure 1 (a).
Fabrication of the glass cord-rubber pull-out sample
A specially designed mould was used for making the model composite samples ( Figure   1b ). Glass cords were sandwiched between two HNBR compound sheets with a 5 N preload attached to either end of the cords to ensure their straightening and then moulded using a hydraulic hot press at 180 °C for 20 min. A composite sample with a long cord extending out from either end was obtained. The middle part was then cut away using a razor blade, leaving a resulting pull-out sample with an embedded cord length of approximately 15 mm in the HNBR matrix. A cross-sectional view of the pull-out sample is shown in Figure 1 (c).
Characterisations
Electrical conductivity measurements
The various dried CNT infused glass cords were cured at 180 °C for 20 min in an oven before their conductivity was measured by a Keithley 2400 sourcemeter (Tektronix). Silver paint was applied to the circumference of the CNT infused glass cord at 20 mm intervals in
order to reduce the surface contact resistance. Three measurements were taken at different positions of the treated cords.
Morphology
Scanning electron microscopy (SEM) (FEI, Inspector-F) on gold coated samples was employed to assess the CNT distribution and location from both longitudinal and crosssectional views of the CNT infused glass cord after the curing. The fracture surfaces after pull-out tests were investigated to examine the failure mode before and after CNT infusion.
Single cord in-situ strain sensing tests
Static tensile tests of the CNT-infused cords were carried out on an Instron 5566 universal mechanical tester equipped with a 1 kN load cell at a crosshead speed of 20 mm/min coupled with simultaneous electrical measurements recorded by a 34401A multimeter (Agilent). The gauge length of the cord was 200 mm, while two electrodes were attached to the middle of the cord at distances of 100 mm with silver paint applied to the contact points.
Single cord pull-out tests
Static single cord pull-out tests were carried out on an Instron 5566 universal mechanical tester equipped with a 1 kN load cell at a crosshead speed of 20 mm/min. A minimum of three measurements for each sample were recorded. The sample was fixed in the bottom grip without compressing the lateral surfaces of the sample and the glass cord was extracted by a tensile force from the HNBR matrix. By assuming constant interfacial shear stress along the interface during the pull-out process, the interfacial shear strength (IFSS) τ was calculated from the peak pull-out force max F and the cord embedded area dl
where d is the glass cord diameter and l is the embedded length.
In-situ damage and strain sensing tests of cord-rubber composites
Both static and cyclic strain and damage sensing tests of the CNT infused cord-rubber composite pull-out samples were performed. To enable real-time electrical measurements, the entire bottom surface of the pull-out sample was coated with carbon grease, while a copper wire was attached to the sample using a high strength flexible acrylic tape as an electrode. Another electrode was directly attached to the CNT-infused glass cord at a distance of 20 mm away from the top surface of the rubber matrix using silver-paint applied to the contact points. A schematic illustration of the in-situ sensing test setup is shown in Figure 1 (d). Cyclic loading and unloading of the pull-out specimen was applied using different displacement levels with 1 min dwell in between each cycle at the same displacement level while the specimen was held for 5 min before being reloaded to a higher displacement level. Table S1 ), NMP, DMF and acetone were chosen as potential solvents due to their good swelling capacity and compatibility with MWCNTs.
To evaluate the effectiveness of the introduction of CNTs via the swelling and infusion method, a treatment time of 1 h was used initially for the fabrication of CNT-infused glass cords. This is to limit CSM dissolution, which is of particular importance considering the very thin adhesive coating on the as-received glass cords. which provides improved adhesion between cord and rubber matrix. It can be seen that most of the CNTs were accumulated on the coating with an infusion depth of 2-4 µm, while very few traces of CNTs were found at a distance of 5-10 µm from the CSM layer ( Figure   3d ). Apparently, the current swelling and infusion process introduces CNTs preferentially into the outer CSM coating rather than in the interior of the RFL coated glass fibre strands. 
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Electrical conductivity of CNT infused glass cords
Since the total amount of CNTs introduced via the simple swelling and infusion process was extremely low it was difficult to quantify the exact amount of CNT from M A N U S C R I P T
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13 thermogravimetric analysis (TGA) data (see SI Fig. S2 ). However, a good level of electrical conductivity was successfully imparted in all the intrinsically insulating glass cords. As such it demonstrates the efficiency of the proposed methodology to introduce conductive nanocarbons into glass cords with added functionalities. 
In-situ strain and damage sensing during static and cyclic loading
With successful manufacturing of the conductive CNT infused glass cord, its strain sensing properties were first evaluated by recording its electrical resistance change simultaneously during static tensile loading. Subsequently these cords were embedded into a HNBR matrix. Both static and cyclic loading tests, coupled with real-time electrical measurements were performed to examine its potential as interfacial strain and damage sensors for cord-rubber composites. As CNT infused glass cords made from CNT/acetone dispersions reach the optimum conductivity after 1 h swelling and infusion, 1 h treatment time was also chosen for the other two systems for sensing investigations. 
Strain sensing behaviour of CNT infused glass cord
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Static damage sensing of the CNT infused glass cord-rubber composites
After examining and confirming the good sensing properties of CNT infused glass cord, the sensing characterisation was applied to cord-rubber composites to demonstrate the feasibility to use these conductive cords as interfacial damage sensors. Figure 6 shows a correlation between resistance change and applied load during pull-out tests for various CNT infused glass cord-rubber composites. Three well defined regions can be identified from the resistance change data, in agreement with findings reported by Mäder and Rausch on CNT-modified sizings on GF in PP matrix [33] . For the case of CNT/acetone dispersions, the value of increased gradually for the first 7 mm of extension. This behaviour is reversible, as confirmed later in the cyclic sensing section, and is due to the elastic deformation of the interfacial region. The first reversible region is followed by a second stage characterised by an increase in the slope of the sensing signal for the following 5 mm extension. At a critical point just before catastrophic interfacial failure, the resistance suddenly increases to beyond the multimeter limits, followed by visible macroscopic interfacial failure at the top surface of the pull-out sample as a result of shear stress concentration, propagating along the interface (see schematic (d)-②). The cord was eventually pulled out from the HNBR matrix by a frictional sliding mechanism after interface failure was complete at the end of the test (schematic (d)-③).
Similar trends of the electro-mechanical response were observed in cord-rubber composite specimens with conductive glass cords made from CNT/NMP and CNT/DMF dispersions respectively (Figure 6b and 6c) . However, unlike the CNT/acetone specimen, the other conductive glass cords were only able to detect damage that occurred at the early stages of the test, which was then followed by a sharp increase in electrical resistance SI Table   S2 ). 
Cyclic strain and damage sensing of CNT infused glass cord-rubber composites
As the glass cord swollen in CNT/acetone dispersions had a more continuous and sensitive sensing signal among all other composite samples when applied as interfacial damage sensor under static loading, it was selected for further evaluation in cyclic in-situ damage sensing. Figure 7 shows the cyclic electro-mechanical behaviour of the same composite pull-out specimen subjected to a series of cyclic loading conditions before the application of a static tensile load to ultimate interfacial failure. At low displacement levels (Figure 7a ) with an applied cyclic extension from 3.5 mm to 7 mm, the sensing signals increased up to 80 % with applied load while recovered to initial levels upon unloading, indicating good reversibility at given extension levels. This was attributed to the reversible deformation of the elastomeric interphase without the permanent break-down of the CNT network. This is consistent with previous static sensing results of glass cord-rubber composite pull-out specimens (see Figure 6a) where the resistance change was roughly the same value when displaced to 7 mm. The specimen was held for 5 min before reloaded to a higher displacement level.
Interfacial shear strength
After demonstrating the potential of the developed CNT infused glass cord as smart reinforcements for rubber products, with added interfacial damage and strain sensing capabilities, efforts were made to evaluate the effect of CNT infusion on adhesion between cord and rubber.
Several micromechanical characterisations can be used to quantitatively evaluate the interfacial shear strength (IFSS) between a reinforcing fibre and its surrounding matrix, including single fibre pull-out and fibre fragmentation tests [34] . Figure 8a 
